Even after a tumor is established, it can early on enter a state of dormancy marked by balanced cell proliferation and cell death. Disturbances to this equilibrium may affect cancer risk, as they may cause the eventual lifetime clinical presentation of a tumor that might otherwise have remained asymptomatic. Previously, we showed that cell death, proliferation, and migration can play a role in shifting this dynamic, making the understanding of their combined influence on tumor development essential. We developed an individual cell-based computer model of the interaction of cancer stem cells and their nonstem progeny to study early tumor dynamics. Simulations of tumor growth show that three basic components of tumor growth-cell proliferation, migration, and death-combine in unexpected ways to control tumor progression and, thus, clinical cancer risk. We show that increased proliferation capacity in nonstem tumor cells and limited cell migration overall lead to space constraints that inhibit proliferation and tumor growth. By contrast, increasing the rate of cell death produces the expected tumor size reduction in the short term, but results ultimately in paradoxical accelerated long-term growth owing to the liberation of cancer stem cells and formation of self-metastases.
Introduction
As seen in autopsies of adults who have died from noncancer causes, tumors can lie dormant for as long as a lifetime without ever becoming clinically evident (1, 2) . Dormant tumors have been identified in many organs such as thyroid, breast, and prostate (3-5), being described as cancer without disease (6) . At the same time, it is known that dormant tumors can become malignant and aggressive after undergoing an angiogenic switch (7) and overcoming other genetic and environmental bottlenecks to tumor progression. Understanding how to prevent the conversion of these lesions from harmless dormant nodules into malignant tumors might thus lead to the development of improved cancer treatments. Given the apparent persistence of dormant but continuously cycling lesions in adults as assessed at autopsy, it has been assumed that these lesions contain immortal cells capable of expanding the tumor indefinitely, if only cell death could be averted, e.g., by angiogenic induction or immune suppression. Overlooked in many such investigations of the effect of microenvironment on tumor growth, however, is a pivotal role for basic tumor population kinetics, viewed in a fully interactive setting. Without imposing microenvironmental conditions, we were able to show that the time to significant lesion expansion may vary from well within to well beyond host lifetimes, providing a nonenvironmental explanation for the dormancy phenomenon. The prime determinant of the dormant state proves not to be a limited immortal (stem cell) composition per se, but to a limited ability of stem cells to migrate, coupled, curiously, with a limited death rate and excess replicative potential among the nonstem cells. This finding corroborates recent observations of an inverse dependence between these factors and malignant progression (8, 9) .
Until recently, it was believed that a hallmark of the typical cancer cell is unlimited replicative potential and the ability to regenerate tumors (10) . In recent years, however, it has been shown for many malignancies that only a small subpopulation of all cancer cells may be immortal and self-renewing (11) . Such so-called cancer stem cells (or tumor-initiating cells, tumor-rescuing units, or cancer stem-like cells; refs. 12, 13) have been identified, for example, in leukemia and solid tumors of the colon, breast, and prostate (14) (15) (16) (17) (18) (19) (20) (21) (22) . Based on these findings, we take into account that, for many if not all tumors, most cancer cells will have a limited replicative capacity ρ max (12) . Here, we investigate the development
Major Findings
These findings show not only that proliferation, cell death, and cell migration can influence cancer risk, but that the expected long-term tumor-suppressive influence of cell death, and tumor-promoting influence of extended proliferation, will not always be what unfolds in practice. Interactive dynamics are uncovered in our systems-computational studies that contradict these intuitive projections. This has clear implications in the clinical setting, where chemotherapeutics and radiation are delivered with the expectation of long-term tumor size reduction following cell killing. At the physiological level, our findings also challenge another widely held notionthat the tumor dormancy observed in almost all adults is necessarily the result of angiogenesis suppression or some other environmentally imposed limitation to growth.
of tumors with heterogeneous cell proliferation capacities and discuss implications for cancer treatment. As a first case, we assume that the first cancer cell is a progenitor or transformed differentiated cell with a limited life span. We then investigate the population dynamics if that first cancer cell is indeed clonogenic, i.e., has unlimited replicative potential ρ max = ∞. Finally, we compare those populations with the development of a population arising from a true cancer stem cell, i.e., a cell with unlimited replicative potential and the additional ability to occasionally divide symmetrically to produce another cancer stem cell. We then explore more generally how intrinsic tumor kinetics can keep tumors in dormancy or promote certain morphologic features of tumor growth often attributed to higher order tumor microenvironment interactions.
Materials and Methods
We have implemented a cellular automaton model (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) based on rules for independent cells in response to their local environment (see ref. 34 for a review of similar model approaches). Cells are defined as independent agents that have intrinsic properties. At discrete time points, the age of all cells is advanced in a random order, and depending on the states of other cells and the local environment the state of a given cell is updated. We found that a variety of self-organizing population morphologies arise from stochastic simulations of the space-limited expansion of descendants of single independent cells possessing differing capacities for replication and renewal.
The domain under consideration is a two-dimensional lattice of 3,500 × 3,500 μm, divided in 350 × 350 lattice points of 100 μm 2 each. A lattice point can host at the most one cell at any time. Cells are considered as individual Figure 1 . A, cell life cycle scheme. At each time step, the cell age increases. The cell will rest in quiescence if there is insufficient space. If there is space the cell can migrate, and if there is sufficient space for the cell to divide, it will proceed into mitosis. In the event of a spontaneous death decision or if the proliferation capacity is exhausted, the cell will be removed; otherwise, it will produce a daughter cell. B, schematic realization of competition for space. A cell with vacant neighboring lattice points has sufficient space to migrate and proliferate (left). If a cell is completely surrounded by other cells, it is inhibited and sent into quiescence (right).
Quick Guide to Model and Assumptions
We use an agent-based model to simulate tumor development. Single cells are considered to be individual objects whose behavior is determined by a fixed set of basic intrinsic cell kinetics and their local environment. At each discrete simulation time point, the cell behavior for all cells is updated and, over time, complex population dynamics emerge.
Basic cell kinetics: Cell proliferation capacity ρ max , migratory capacity μ, and spontaneous cell death α cooperate to dictate development of the population as a whole.
Assumption 1: The tumor population is intrinsically heterogeneous with cancer stem cells and their nonstem progeny. Stem cells live and are able to divide forever (ρ max = ∞, α = 0), and have the ability to produce more such cancer stem cells with probability p s (symmetrical division). Progeny nonstem cells, in contrast, have a limited proliferation capacity and can also spontaneously die (ρ = ρ max , α>0).
Assumption 2: Cells compete with each other for available space. Cells completely surrounded by other cells are considered to be spatially inhibited and sent into quiescence.
entities with a cell cycle, maturation age of 1 d, migration potential of μ = 0 to 0.00635 mm h −1 (≅ 1 cell width/96 min; ref. 35) , and a replication capacity of ρ = (0, 1, …, ρ max ). A replication capacity of ρ max means that one cell can divide ρ max times, producing potentially 2^ρ max cells, before undergoing cell death. In the case of a cancer stem cell, ρ max is infinite. Algorithmically, at discrete time intervals Δt = 96 min (15 times per day), the age of each cell gets incremented, and if space is available, the cell can migrate, or (if the maturation age has also been reached) divide, reducing ρ by one (Fig. 1A) . We are allowing the tumor to grow and expand in "empty" space to study intrinsic tumor dynamics without environmental challenges. The goal is to fully understand how individual cancer cell kinetics contribute to intrinsic tumor growth. This is being done in part to test whether features of tumor growth attributed to environmental factors, e.g., angiogenesis and immunity, might actually have a basis in intrinsic properties shared by the tumor cells themselves when studied in a fully interactive setting. Accordingly, we consider early avascular tumor growth with cell numbers below the oxygen diffusion threshold. However, cancer cells at all stages need to grow to successfully divide, and for expansion to occur, several studies have shown that sufficient space must be available (36) (37) (38) (39) (40) . At its basis is pressure from adjacent cells (39, 40) , which limits the ability of tumor cells to "push" their neighbors to enable division except at the tumor periphery (38) , along with an ability of cells to migrate, a distinguishing characteristic of cancer cells not captured in, e.g., preneoplastic modeling (36) . For our purposes, we therefore define a cell as being inhibited (quiescent), unable to either divide or migrate, when other cells occupy all adjacent lattice points (Fig. 1B) .
Results
Tumor growth from a cell without clonogenic potential. We first considered the case of the growth of a single cancer cell that has limited replicative capacity ( Fig. 2A ). We initialized a single cancer cell in the center of our computational domain with sample proliferation capacities of ρ max = 10, ρ max = 15, and ρ max = 20 cell divisions; a migration rate of μ = 15 cell widths per day and no random cell death (i.e., α = 0); and ran five independent simulations for each proliferation capacity. Initial exponential growth made possible by migration gave way to spacelimited growth, keeping the cluster sizes well below the potential 2^ρ max cells in each case. At the same time, larger ρ max values corresponded to larger final cluster sizes. On average, the population with ρ max = 10 reached a maximum cell number (n = 942) after 11 days and disappeared after 15 days. For ρ max = 15, the population attained an average maximum of n = 4,838 cells at t = 16 days. Despite oscillations in cell numbers due to previously quiescent cells becoming active again after adjacent cells die, the number of cells eventually decreased until the population vanished after ∼71 days on average. Finally, for a proliferation capacity of ρ max = 20, the population size peaked after 28 days at n = 10,457 cells. This population, although fated to die out, persisted for 1,225 days (almost 3.5 years) with an average population of 2,000 to 4,000 cells for most of that time. Further increases of the initial proliferation Figure 2 . A, nonclonogenic tumor development. Simulations of tumor development from a single cell with limited replicative potential ρ = 10, ρ = 15, and ρ = 20 divisions (individual cell proliferation capacity is color coded with red and black representing ρ = ρ max and ρ = 0). Initial exponential growth is followed by a steady decrease in cell number over time. All simulations show oscillations in cell number due to cells death, cell proliferation, and transition between quiescent and active cell compartments. B, clonogenic tumor development. Simulation of tumor development for t = 365 d from a single cell with unlimited replicative potential. Progeny proliferation capacities are ρ = 10 (green), ρ = 15 (red), ρ = 20 (blue), and ρ = 30 (dark blue) divisions (individual cell proliferation capacity in the simulations is color coded with red and black representing ρ = ρ max and ρ = 0). After an initial exponential growth, tumor sizes oscillate around a pseudo-steady state. For comparison, the "doomed" population (i.e., no unlimited replicative potential) for ρ = 15 that vanishes after 71 d is shown in orange (refer to red plot, A). C, tumor development from a true stem cell (yellow) with symmetrical division probability p s = 1%. All tumors feature an initial exponential growth followed by oscillations around a pseudo-steady state. Only in the population with low progeny proliferation ratio of ρ = 10 is the stem cell quickly exposed to space and hence proliferates more often subject to symmetrical division. The resulting population features on average a stem cell pool of 6.8±3.1 cells after t = 360 d, and the tumor is a conglomerate of individual cell clusters. D, self-metastatic tumor morphologic evolution. Spatial distribution of proliferation capacity and proliferation/quiescence state within a growing tumor at times t = 30, 150, 250, 365 d. E, high resolution of a representative three-dimensional simulation of the initial tumor cluster after the cancer stem cell (yellow) has divided (arrows).
capacity to ρ max = 25, 30, and 50 divisions yielded average maximum cell numbers of 24,000, 35,000, and 117,000, and to nonmalignant cell clusters that persisted for many years.
Tumor growth from a clonogenic cell. Our simulations showed that nonclonogenic cancer cells are unable to form tumors of any appreciable size, despite the large potential sizes predicted by ρ max values. For a tumor to exhibit substantial growth and persist without extinction, it needs a cell with unlimited replicative potential that can constantly repopulate the decaying cluster (Fig. 2B) . A cell with limited replicative potential may acquire unlimited replicative potential in different plausible ways: (a) via a point mutation that inhibits telomere shortening (41), (b) via dedifferentiation (42) , or (c) via fusion of the cancer cell with a normal stem cell (43) . If we assume that a single clonogenic cancer cell has unlimited replicative potential (ρ max = ∞) and all daughter cells have only finite replicative potential, then similar to the simulations just described, cell clusters develop with initially exponentially increasing cell number. However, the final densityand proliferation capacity-dependent growth limitations described earlier can now be countered by the opportunistic proliferation of the clonogenic cell into space as it occasionally becomes available. As a result, the size of the cancer cell cluster comes to oscillate around a certain final size. Figure 2B shows representative simulations of tumor formation from single cells with migratory capacity μ = 15, and unlimited replicative potential and different progeny proliferation capacities ρ = 10, 15, 20, and 30. With increasing progeny proliferation capacity, the tumor sizes increased-yet no tumors expanded continuously to constitute a clinical threat.
Tumor growth from a cancer stem cell. The common understanding is that single cells with clonogenic potential can give rise to a full-sized tumor, or repopulate the tumor if they survive treatment. Our simulations, however, show that a single cell with unlimited replicative potential is not sufficient to explain exponentially growing tumors up through the size of clinical detection. To see such tumors, we propose that multiple clonogenic cells must exist that each form individual clusters of cancer cells, that aggregate to form one large tumor. Such subpopulations of potent cells could arise either by constantly recruiting new clonogenic cells by one of the mechanisms described previously, or by the symmetrical division of clonogenic cells, creating two clonogenic cells from one (44, 45) . The latter mechanism would classify the clonogenic cells as true cancer stem cells. In our next study, we assumed the existence of true cancer stem cells that can divide symmetrically with a certain probability of p s = 0.01 roughly approximating the stem cell frequency observed in solid tumors (46) . Thus, whenever a cancer stem cell divides, it has a 1% chance of forming a cancer stem cell and a 99% chance of asymmetrically dividing to produce a stem cell and a differentiated cell. We started the simulation with a true cancer stem cell and assumed as in the first study that all cells have migratory capacity of μ = 15 and the nonstem cells have proliferation capacities of ρ = 10, 15, and 20 (Fig. 2C) . In all simulations, cells initially produced many daughter cells that went on to divide freely, leading again to an initially exponentially growing population. As before, the clusters that developed quickly occupied the space around cancer stem cells, inhibiting their further division. These cells remained quiescent until they were exposed to space once again (Fig. 2D) . In early development, therefore, events paralleled the cases where there were either no immortal cells or immortal self-renewing cells, with increased progeny proliferation capacities resulting in larger cell clusters. At longer time scales (on the order of months), however, the picture changed markedly and counterintuitively. When nonstem cells had lower proliferation capacities, space was made available earlier on for stem cells to divide and produce both nonstem and stem cells. In this way, shorter proliferation capacities actually favored more stem cell production and better long-term growth rates. In our simulations for t = 365 days, tumors arising from a single cancer stem cell with ρ max = 10 developed a cancer stem cell pool of 6.8 ± 3.1 cells on average (averaged over five independent runs). This cancer stem cell population formed individual clusters of cells, resulting in a tumor growing almost 10 times larger than the size expected in the absence of the ability of cancer stem cells to symmetrically divide (see Fig. 2B ). The pattern of the resulting tumor growth can be described as a conglomeration of individual tumors, an idea that has been proposed previously (47, 48) . In contrast, tumors forming from stem cells with more potent progeny (ρ = 15, 20) could not initiate significant growth, as the stem cells were less often exposed to space and hence divided less often, either asymmetrically or symmetrically. Instead of the direct variation between both short-and long-term tumor size and proliferation capacity observed in the absence of self-replicating stem cells, we observed here a direct short-term dependence, a U-shaped intermediateterm dependence, and a long-term inverse dependence. In the intermediate term (t = 365 days), the ρ = 15 group showed lower tumor growth than ρ = 10, with ρ = 20 settling somewhere between these two. In only one of five stochastic simulations, the tumors arising from stem cell progeny with proliferation capacity of ρ = 15 divided symmetrically once, increasing the stem cell pool size and the total cell count. An example of symmetrical stem cell division in a three-dimensional simulation is shown in Fig. 2E . Both stem cells are in the core of the tumor cluster with a radial proliferation capacity gradient. In none of the simulations of tumors arising from progeny with proliferation capacity of ρ = 20 was symmetrical division seen within the first t = 365 days. At later times, with ρ = 15 and ρ = 20 the tumors form conglomerates of individual tumors as well, with overall tumor cell numbers inversely depending on progeny proliferation capacity ρ max (48) .
Increased apoptosis and tumor progression. Thus far, we have discussed tumor formation from cells with limited replicative potential, unlimited replicative potential, and true cancer stem cells. Our simulations suggest that a true cancer stem cell is necessary to give rise to a malignant tumor, yet may not be sufficient, as the evolving cell cluster can inhibit the proliferation of the potent stem cell and thus prevent malignant behavior in biologically and clinically observed time frames (especially for larger proliferation capacities ρ max than considered here). This observation is in line with previous findings that tumor growth can indeed be intrinsically inhibited by its own mass (49) . In our simulations, only short-lived progeny (i.e., ρ = 10) die fast enough to vacate space for the cancer stem cell to proliferate into. We speculated that a spontaneous rate of apoptosis (50, 51) or mitotic cell death might have an analogous effect, freeing space for higher stem cell production and overall population turnover. Increased tumor size with cell death was in fact observed in the long term-a complete reversal of the direct suppression of tumor growth with cell death observed (and expected) in the short term (Fig. 3) . To uncover this dependence, we simulated tumor development for different spontaneous cell death rates α = 0, 0.05, 0.1, 0.15, 0.25, and 0.35 (i.e., 0%-35%) for constant ρ = 15 and μ = 5. We initialized each simulation again with one true cancer stem cell and stopped the simulation after t = 35 months (7 years) or when the tumor reached confluence within the domain. In the first few simulated months, tumor sizes were smaller in direct relation to the amount of imposed cell killing. However, after ∼6 months, the trend started to reverse for the α = 0.15, 0.20, and 0.35 groups, and after approximately 12 to 15 months for the α = 0.05 and 0.10 groups, until a complete trend of accelerated tumor growth with cell killing was realized (Fig. 3B) . Enabling the eventual reversal of growth kinetics with cell death was the ability of cells, and tumor stem cells in particular, to migrate and replicate in the space made available by cell death within the growing tumor mass. To support this hypothesis, we examined the cancer stem cell pool in a tumor arising from a single cancer stem cell as a function of progeny proliferation capacity (ρ = 10, 15, and 20), spontaneous progeny cell death rate (α = 0.01, 0.1, and 0.25), and cell migration rate (μ = 5, 10, and 15 cell widths/day). For each of the 3^3 = 27 combinations of parameters, we ran 10 independent simulations and monitored the number of cancer stem cells in the population after t = 365 days. As expected, the number of cancer stem cells increased as the migration speed μ increased (with α and ρ fixed), but paradoxically, also as the rate of spontaneous cell death α increased (with μ and ρ fixed). Equally surprisingly, as the progeny proliferation capacity ρ increased (with μ and α fixed), the number of cancer stem cells in the tumor decreased (Fig. 3C) . We conclude that density-derived inhibition of tumor growth may be overcome and malignant growth permitted only when there is a sufficiently high rate of cell migration and cell death or a sufficiently low proliferation rate-associations that clearly challenge basic intuition. More generally, many of the common features of cell growth, including initial formation of gaps in tumor clones, the filling of those gaps, and growth by self-seeding of clones (Fig. 4) can be readily explained by simple cell kinetics, often with unexpected results. These include the elaborate colony morphologies, e.g., holoclones (round colony outline, densely packed cells), meroclones (densely packed cells in the core, separated cells at the periphery), and paraclones (few cells in contact, colony largely scattered), which have previously been described (52).
Discussion
We have presented a cellular automaton model of tumor formation from cells with limited replicative potential, unlimited replicative potential, and true cancer stem cells. Our simulations show that tumors developing from cancer cells without clonogenic potential will inevitably die out, and cancer stem cells (or tumor-initiating cells) are necessary for malignant tumor growth. Assuming the evolving tumor possesses a true cancer stem cell, manifestation of malignant disease can still be suppressed by limitations on cancer stem cell proliferation posed by cell crowding in the dense tumor core. Our simulations suggest that tumor populations devoid of stem cells or developed from cancer stem cells could still persist as long-term dormant lesions, in line with recent autopsy evidence showing a high prevalence of small asymptomatic, dormant tumor lesions in most adults (3). By contrast, a high rate of spontaneous cell death modulated by cell migration can provide tumor dynamics that enable sufficient stem cell divisions to enrich the stem cell pool and drive malignant expansion (53) . Our simulations go on to show spontaneous cell death can reduce the number of cancer cells in the short run, but in the long run, liberate cancer stem cells, thereby promoting tumor progression. We therefore conclude that high rates of spontaneous cell death in tumors may not be disadvantageous for tumor growth, but in fact may facilitate tumor progression up to a malignant disease. This observation challenges a fundamental assumption in radiotherapy and chemotherapy-that long-term tumor growth may be efficiently suppressed by up-front cell killing. In doing so, our results have a number of immediate therapeutic translations. One is that the phenomenon of accelerated recurrence following therapy can be explained by the opportunistic proliferation of quiescent tumor cells into space made available by the initial cell killing. The shortterm positive tumor response is followed by a rate of regrowth that exceeds that of the original tumor. Importantly, this treatmentrecovery cycle favors the creation of new stem cells produced by the symmetrical division of previously quiescent stem cells, as cancer stem cells are generally more resistant to radiation (54) and chemotherapy (55) than their nonstem counterparts, and because cancer stem cells persist, once created. Analogously, when random cell death among nonstem cells is increased (Fig. 3) , an increase in stem cell count is noted. As the tumor returns to its pretreatment size, then, a tumor more refractory to treatment is expected. These results support previous observations that a high rate of apoptosis in cancer cells may actually promote tumor progression (8) , and that upregulation of antiapoptotic factors may act to suppress tumor progression and improve prognosis (9). Our observations complement explanations for why cancer treatments that induce cell death in cancer cells but fail to accomplish eradication can lead to relapse and an even larger cancer cell burden (56) .
A second therapeutic implication relates to the nature of the tumor resulting from treatment. As cancer stem cell status has been directly linked with metastatic potential (57) , the larger stem cell fraction predicted equates to a more aggressive and metastatic phenotype overall, carrying with it a presumably poorer prognosis. The changed character of the population as a whole accords with paradoxical prognostic findings surrounding higher apoptosis, including a reduced net tumor doubling time (58) . We have attributed these responses not to the cell killing per se, but to the vacating of the positions the cells occupy. It stands to reason that if therapies could be directed to disabling proliferation but not at the expense of cell attrition, better outcomes might be expected. Having said this, te Poele and colleagues (59) point out that some chemotherapeutic agents can reawaken the senescence response in some p53-expressing tumors, a possibility that has exciting treatment implications. Senescent cells would comprise an obstacle to the expansion of proliferation-competent stem and nonstem cells. This could inhibit the accelerated repopulation found to occur when targeted cells are removed from the system. As this would induce stable disease, the relative lack of appreciation of this effect, and specifically its connection to p53 status, may lie in the current clinical practice of categorizing stable disease with nonresponse.
Finally, that the accelerated response accords with clinical observation lends great support to the cancer stem cell hypothesis at the core of our modeling. As stated, treatment has the effect of disturbing an equilibrium between cancer stem cells and nonstem cells, making for an altered tumor character that persists during and even after therapeutic recovery. This is contrasted with the alternative concept of a tumor comprised only of clonogens capable of replenishing the tumor. In this latter case, the intrinsically homogeneous stem cell composition does not permit shifts of subpopulation composition following dosing. As a result, suppression and recovery cannot yield qualitatively different population kinetics. In this way, our results are consistent with the cancer stem cell hypothesis and, along with it, the caution that the "typical" (non-stem) cancer cell profiled for molecular targeting may not represent the best cancer target.
The model driving these conclusions is based on a minimal set of independent parameters that determine intrinsic tumor dynamics. Tracking these parameters in an agent-based framework, we derived conclusions as to how tumor inhibition can be achieved, and how perturbation of intrinsic tumor parameters can alter tumor growth morphology. These studies augment those of Bearer and colleagues (60) who have noted a connection between an invasive "protrusion" feature of tumors and certain characteristics of the environment. It is noteworthy that we were able to observe similar protrusion effects in the absence of explicit environmental considerations (refer to Fig. 4D ), attesting to the potential value of a concerted study of basic cell kinetics for refining our understanding of cause and effect in tumor development. Such valuable insights are often unavailable in complex models where extrinsic factors interact with the tumor and alter cancer cell proliferation and migration, or even induce cell death. Future development of the model is straightforward, and introduction of rules for interactions with the microenvironment and the host immune system will give insights into how different treatment strategies act to provide or fail to provide tumor control.
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